Psittacine beak and feather disease (PBFD) has a broad host range and is widespread in wild and captive psittacine populations in Asia, Africa, the Americas, Europe and Australasia. Beak and feather disease circovirus (BFDV) is the causative agent. BFDV has an~2 kb single stranded circular DNA genome encoding just two proteins (Rep and CP). In this study we provide support for demarcation of BFDV strains by phylogenetic analysis of 65 complete genomes from databases and 22 new BFDV sequences isolated from infected psittacines in South Africa. We propose 94 % genome-wide sequence identity as a strain demarcation threshold, with isolates sharing .94 % identity belonging to the same strain, and strain subtypes sharing .98 % identity. Currently, BFDV diversity falls within 14 strains, with five highly divergent isolates from budgerigars probably representing a new species of circovirus with three strains (budgerigar circovirus; BCV-A, -B and -C). The geographical distribution of BFDV and BCV strains is strongly linked to the international trade in exotic birds; strains with more than one host are generally located in the same geographical area. Lastly, we examined BFDV and BCV sequences for evidence of recombination, and determined that recombination had occurred in most BFDV and BCV strains. We established that there were two globally significant recombination hotspots in the viral genome: the first is along the entire intergenic region and the second is in the C-terminal portion of the CP ORF. The implications of our results for the taxonomy and classification of circoviruses are discussed.
INTRODUCTION
Psittacine beak and feather disease (PBFD) was first described in Australian psittacine species in the 1970s. However, it may have been present prior to this as records between 1887 and 1888 associate the decline of Psephotus sp. in Southern Australia with impaired flight as a result of feather deformities (Pass & Perry, 1984; Raidal et al., 1993) . The disease has a broad host range and is widespread in both wild and captive psittacine populations found in Asia, Africa, the Americas, Europe and Australasia (Bassami et al., 2001; Bendheim et al., 2006; Bert et al., 2005; Ha et al., 2007; Kiatipattanasakul-Banlunara et al., 2002; Raidal et al., 1993; Raidal & Cross, 1994a; Ritchie et al., 1990; Sanada et al., 1999; Wirminghaus et al., 1999) . The worldwide spread of PBFD has been largely because of the international trade in 'exotic' psittacines (Doneley, 2003; Rahaus & Wolff, 2003; Wirminghaus et al., 1999) . Initially PBFD was thought to be restricted to Old World and South Pacific psittacines; however, it is now evident that the disease also affects New World psittacines (Bert et al., 2005; Ritchie et al., 1990) . PBFD mainly affects young birds and is characterized by loss of feathers, abnormally shaped feathers and the overgrowth and irregularity of the surface of the beak. The disease has been associated with immunosuppression and most birds with PBFD die from a secondary bacterial and/or viral infection (Doneley, 2003; Pass & Perry, 1984; Ritchie et al., 1989; Schoemaker et al., 2000) . Apart from the main clinical manifestations, peracute and subclinical infections have been described; the peracute infection affects young birds and beak and feather abnormalities are notably absent (Doneley, 2003; Rahaus & Wolff, 2003; Schoemaker et al., 2000) .
The causative agent of PBFD is beak and feather disease virus (BFDV), which belongs to the genus Circovirus of the family Circoviridae (Ritchie et al., 1989; Ritchie et al., 1990; Studdert, 1993) . Differences in the clinical and pathological manifestation of PBFD are thought to be because of host factors rather than antigenic or genetic variation in BFDV (Bassami et al., 2001) .
BFDV virions have icosahedral T51 symmetry and are nonenveloped, with a diameter of 14-16 nm (Ritchie et al., 1989) . BFDV is one of the smallest known animal viruses, with a simple and compact 2 kb ambisense single-stranded circular DNA genome that encodes two major genes (Crowther et al., 2003; Niagro et al., 1998) . The complementary strand encodes the single capsid protein (cp) gene and the virion strand encodes the replication associated gene (rep). Replication occurs through rolling-circle replication involving a dsDNA intermediate (Bassami et al., 1998) . Both the gene products are homologous to the CP and Rep proteins of porcine circovirus (PCV) (Niagro et al., 1998) . The Rep protein of circoviruses is more similar to the Rep proteins of nanoviruses and geminiviruses than to those of any other viruses with a similar rolling-circle replication mechanism. The BFDV genome contains a replication hairpin-loop structure that is characteristic of all circoviruses, nanoviruses and geminiviruses.
Previous phylogenetic analyses of BFDV have focused predominantly on partial sequence data of rep or cp. It has been shown that there are differences in the evolution of the major genes and intergenic regions of BFDV. The rep gene has been found to be highly conserved, probably owing to functional constraints upon it, and showed signs of purifying selection, whereas analysis of the cp has showed positive selection with a high degree of variation at the amino acid level, suggesting that intraspecies antigenic variation might occur (Bassami et al., 2001; Heath et al., 2004; Hughes & Piontkivska, 2008; Raue et al., 2004; Ypelaar et al., 1999) . Interestingly, there is evidence to suggest that the two intergenic regions are also conserved (Hughes & Piontkivska, 2008) .
Research has suggested that the virus isolates may be grouped according to host species or the ability of the virus to cause disease, and not by geographical location (Albertyn et al., 2004; de Kloet & de Kloet, 2004; Khalesi et al., 2005; Raue et al., 2004; Ritchie et al., 2003) . This has been supported by a recent study that showed that cockatiel virus isolates were serologically and genetically different from other BFDV isolates (Shearer et al., 2008) . However, Southern African strains have diverged from viruses found in other parts of the world to produce regionally distinct lineages (Heath et al., 2004) . The available evidence therefore suggests that the relationship between BFDV isolates, psittacine species and pathogenicity is very complex, and requires further study (de Kloet & de Kloet, 2004) . Lefeuvre et al. (2009) demonstrated that recombination is rampant amongst all ssDNA viruses, and that recombination breakpoints are more frequent on the periphery of functional genes or within the intergenic regions. As there are demonstrated differences in the rates of evolution between the BFDV cp, rep and intergenic-region sequences, a comprehensive examination of whole genomes is essential to infer accurate phylogenies and to assess the evolution of BFDV through recombination. With the advent of modern molecular techniques, and particularly of W29 polymerasemediated isothermal rolling-circle amplification (RCA) of whole genomes, the number of genome sequences of ssDNA viruses available has increased exponentially recently. Of the 87 complete genome sequences presently available for BFDV isolates, including five highly divergent BFDV-like budgerigar isolates from Japan and China, and 22 from this study, 30 genomes were amplified using RCA methods in less than a year Ortiz-Catedral et al., 2010) and .40 full-length genomes have been deposited in GenBank within the last year.
In this study, BFDV genomic DNA was isolated using RCA from 22 infected psittacines from South Africa. These genomes were fully sequenced and compared with 65 complete genomes already deposited in GenBank. We analysed all these complete genomes of BFDV, determined the current diversity of BFDV, and established a threshold value for the reliable demarcation of BFDV strains. In addition, we provide insights into the geographical and host-species distribution of BFDV strains and analyse the recombination patterns between strains. We further suggest the establishment of at least one new species of circovirus, to accommodate the viruses found in budgerigars.
RESULTS AND DISCUSSION

Strain demarcation of BFDV and BCV
We cloned and completely sequenced 22 BFDV genomes from infected parrots in South Africa. For an objective classification of these genomes we aligned 65 complete BFDV genomes available in GenBank with the 22 from this study. The 87 genomes, including the five BFDV-like genomes from budgerigars, all shared greater than 82.6 % pairwise identity. Since there is no clear guideline for the classification of BFDV isolates, we analysed the frequency of pairwise sequence identities of the 87 genomes at intervals of 0.1 % and 1 % (Fig. 1a) , and compared them with those of other sampled circoviruses (831 genomes, 344 737 pairwise identities; Fig. 1b) . The highest frequency peak of pairwise identities of the 87 BFDV-type genomes (3742 pairwise identities) is between 90 and 94.5 % (Fig. 1a) , with an BFDV diversity and taxonomy A. Varsani and others intermediate peak between 83 and 89 %. In the case of the goose circoviruses, the main similarity peak is at 90-94 % (277 pairwise identities; Supplementary Fig. S1a , available in JGV Online) with minor peaks at 94-98 % and 982100 %. PCV-1 isolates were all between 98 and 100 % identical (704 pairwise identities; Supplementary Fig. S1a ), whereas PCV-2 has two peaks of identity, at 94-97.5 % and 982100 % (141 205 pairwise identities; Supplementary Fig. S1a ).
A clear trough is observed at 94 % for circovirus pairwise plots, which is very similar to that for geminiviruses. Therefore, based on our pairwise analysis, we propose that a genome-wide pairwise identity threshold of 94 % (with pairwise deletion of gaps) should be considered for strain demarcation for BFDV and for other circoviruses. The groupings around 94-98 % and 98-100 % could then be considered as strain variants and subtypes, respectively. When circovirus identity profiles are compared with those of the very well-characterized geminiviruses (ssDNA plant viruses; see Fauquet et al., 2008) , a very similar distribution is observed.
While PCV1, PCV-2 and goose circoviruses isolates share .90 % sequence identity, in the case of BFDV a significant proportion of pairwise distances fall between 83 and 89 %. The isolates contributing to this are those isolated from budgerigars from Japan (AB277748, AB277749, AB277750 and AB277751) and China (GQ386944). We therefore propose a circovirus species demarcation at ,89 % wholegenome identity; this is the same as that specified by the International Committee on Taxonomy of viruses (ICTV) for geminivirus species demarcation (Fauquet et al., 2008; Stanley et al., 2005) . A global comparison of the pairwise sequence identities (344 737 pairwise identities) of all circovirus genomes including these five isolates ( Fig. 1b and Supplementary Fig. S1a ) clearly supports our proposal. Accordingly, and because they all fall below this threshold in whole-genome comparisons with other BFDV-type isolates, we propose that the five budgerigar isolates (AB277748, AB277749, AB277750, AB277751 and GQ386944) be reclassified as a new species of circovirus -budgerigar circovirus (BCV).
Suggestions for a new taxonomic classification of circoviruses
Currently the family has only two recognized genera, Circovirus and Gyrovirus. However, the recent discovery of two new circoviruses and 12 novel circo-like viruses (which have tentatively been classified as cycloviruses) from faecal samples using metagenomic approaches (Li et al., 2010) points to the necessity of establishing new taxa and addressing various taxonomic discrepancies within the taxonomic family Circoviridae. Our analysis of pairwise identities of all circoviruses (Fig. 1b ) reveals a significant peak at 40-50 % identity and a minor peak at 53-56 % identity. A two-dimensional pairwise identity matrix (Fig.  1c) clearly indicates that three new genera (indicated by different coloured branches in the maximum-likelihood phylogenetic tree shown in Fig. 1c ) need to be created to accommodate the circovirus species that share pairwise identities between 40-50 %. We therefore propose that circo-and circo-like viruses that share between 40-50 % whole-genome sequence identity be considered as members of different genera, and that whole-genome identities of 50-89, 89-88 and 98-100 % be used as species, strain and subtype delimiters, respectively. A further suggestion, should these ever be recognized, is that subgenera be established to accommodate species that share 53-56 % identity.
We suggest that the ICTV circovirus working committee urgently review the current circovirus classification, as rapidly improving molecular and sequencing technologies will probably result in a great diversity of circoviruses being discovered in the near future.
Phylogenetic analysis of BFDV and BCV
Complete genomes of BFDV have been characterized from Australia (AU; n511), Germany (n51), Japan (JP; n52), New Zealand (NZ; n55), Portugal (PT; n56), Thailand (TH; n517), UK (n52), USA (n52), South Africa (ZA; n535) and Zambia (ZM; n51), and whole genomes of proposed BCV have been characterized from China (CN; n51) and Japan (n54). The maximum-likelihood phylogenetic tree (Fig. 2) supports the 94 % strain threshold determined from direct pairwise comparisons. Thus, within a monophyletic grouping of BFDV species, 14 strains (A-N; Fig. 2 ) were identified from 30 parrot species from 10 countries (Figs 3 and 4) , whereas, within the monophyletic BCV grouping, three strains (A-C) were identified from budgerigars from China and Japan. The pairwise distance between BCV-A and -B is 94.6 %. However, there is strong phylogenetic support (Fig. 2) to assign these two isolates as separate strains. Very limited diversity (~99.9 % sequence identity) is observed within variants of BFDV-F infecting various psittacines from Thailand, and variants of BFDV-L infecting Psittaculla krameri from South Africa. When the strains themselves are compared, however, they are clearly distinct from one another ( Supplementary Fig. S1 ). We suggest the use of the international two letter country ID code, as is the norm with geminivirus taxonomy. The details of the strains and nomenclature for 87 complete genomes of BFDV and BCV are provided in Table 1 .
Geographical distribution of BFDV and BCV strains
Based on the current global sampling of BFDV and BCV isolates together with their whole-genome analysis (Figs 3 and 4), it is clear that BFDV-A (n55) is localized to New Zealand; BFDV-B (n56), -D (n52) and -G (n51) to Australia; BFDV-E (n54), -F (n510) and -H (n52) to Thailand; and BFDV-L (n53) and -M (n520) to Southern 
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Africa. BFDV-C is predominantly found in South Africa, with the exception of one sample from the US. Seven of the nine isolates of BFDV-I (n59) are from South Africa and two are from Portugal. BFDV-J (n56) has a European presence; one isolate from each of Germany, Portugal and the UK. BFDV-K has been isolated from infected psittacines from Thailand (n51), UK (n51), Australia (n52) and USA (n51). Three of the five BFDV-N isolates are from South Africa and the remaining two from Japan. However, all of these five BFDV-Ns are isolated from budgerigars (Melopsittacus undulates). BCV-A (n51) and -B (n51) are from Japan, whereas BCV-C (n53) was found in budgerigars from China (n51) and Japan (n52).
Our analysis indicates that strains appear to be scattered in some cases, or localized to a specific region in others. The apparently haphazard geographical distribution of certain strains can almost certainly be linked to the international trade in exotic birds. The strains traced to single locations could represent either endemicity or a founder effect, with the arrival of an infected bird in a region followed by the rapid spread of the disease amongst a naïve host population leading to genetic drift. High mutation rates observed in single-stranded DNA genomes may accentuate the effects of genetic drift (Duffy & Holmes, 2009; Harkins et al., 2009; van der Walt et al., 2008) . As most of the samples here were described within the last 5 years, this supports the idea that these are emerging strains adapting to a new set of conditions. What can be seen here is: the discovery of endemicity, with geographically limited strains; the recent dissemination of established strains, as shown by the haphazard geographical distribution of some strains; and the emergence in naïve hosts of new strains from established ones, as shown by the localized closely related isolates. Efforts to regulate the animal trade and strict biosecurity controls should be implemented to control the spread of the disease, which is obviously quite mobile (Bert et al., 2005; Wirminghaus et al., 1999) .
Host range of BFDV strains
BFDV-A has so far only been found in wild populations of red-fronted parakeets (Cyanoramphus novaezelandiae, n55). Red-fronted parakeets are native to New Zealand and these BFDV-A isolates represent the first reported BFDV infection of native New Zealand psittacines. The limited genetic variability amongst all of the BFDV-A isolates suggests that this infection of the population is probably recent.
BFDV-B has a wide host range in Australia, infecting various Cacatua (n53), Eolophus (n51) and Nymphicus (n52) species. BFDV-C has only been found in Cacatua alba (n51), Pionities leucogaster (n51) and Psittacus erithacus (n51) from South Africa (n53) and an unknown species from the USA (n51). BFDV-D is limited to Cacatua sp. (n52) from Australia, whereas BFDV-E is found in Cacatua sulphurea (n51), Ara ararauna (n51) and Eclectus roratus (n52), all from Thailand. BFDV-F has the widest host range, infecting Probosciger aterrimus (n51), Ara sp. (n53), Ara nobilis (n51), Psittacula sp. (n53) and Pscittacus erithacus (n51), all these isolates being from Thailand. An isolate from a rainbow lorikeet (Trichoglossus haematodus) is the sole member of BFDV-G from Australia and is the most divergent of all BFDV isolates ( Fig. 2; Supplementary Fig. S1 ). Both BFDV-H isolates are from Thailand and infect Cacatua sp. BFDV-I infects Poicephalus sp. (n55) from South Africa and P. erithacus (n54) from South Africa and Portugal.
Despite the predominantly European presence, all BFDV-J isolates are from P. erithacus. The South African-limited BFDV-J infected Pscittacula krameri (n53). BFDV-K infects Agapornis sp. (n53), Psephotus haematogaster (n51) and P. krameri (n51). BFDV-M predominantly infects Poicephalus sp. (n515); however, other hosts include Agaponis personata (n51), Amazona sp. (n52), Eclectus roratus (n51) and P. erithacus (n51). BFDV-N has only been isolated from budgerigars (Melopsittacus undulates) in South Africa (n53) and Japan (n52). BCV-A and -B have been isolated from budgerigars in Japan, whereas BCV-C is from China (n51) and Japan (n52).
The findings for the host ranges of BFDV strains are similar to those for geographical distribution, with some strains infecting a wide host range and others being specific to a particular host. Strains with more than one host are generally located in the same geographical area, or, as in the case of BFDV-F 1 and BFDV-J 1 , from the same breeding facility, while strains with multiple geographical sites predominantly have the same host. Similar findings have been reported by de Kloet & de Kloet (2004) . The dispersion seen for some strains could represent a common source, which highlights the implications of animal trafficking in the spread of disease. Additionally, perceived host specificities may be an artefact of breeding facilities with one or only a few species of birds. BFDV-N and BCV-A, -B, -C, infecting budgerigars, and BFDV-G, infecting a rainbow lorikeet (Trichoglossus haematodus), exhibit host specificity as described by Ritchie et al. (2003) . In contrast, strain BFDV-F was isolated from various psittacine species from a specific breeding facility and all isolates were .99 % identical. In this strain there was no host specificity, and the isolation may be evidence of an initial outbreak in a naïve population of psittacines.
Genome analysis of BFDV and BCV
Within all of these genomes we identified the characteristic circovirus nonanucleotide origin of replication sequence (TAGTATTAC; Meehan et al., 1997) within the potential stem-loop structure. We also identified the TATA boxes, indirect and inverted repeats, polyadenylation signals and the three conserved rolling circle replicon motifs (FTLNN, GxxHLQGY and YxxK) within the rep gene and the nuclear localization domain (RRRxARPYxRRRHxRRxRxxRRRRxFRRRRFSTxRIYTLRLxRQ; Heath et al., 2006) on the N terminus of the capsid protein.
Estimates of site-specific variation were determined using the fixed effects likelihood (FEL) method implemented in Bassami et al. (1998); 5, Heath et al. (2004); 6, Niagro et al. (1998); 7, Sariya et al., unpublished; 8, Henriques and Fevereiro, unpublished; 9, this study; 10, de Kloet & de Kloet (2004); 11, Varsani et al. (2010); 12, Ogawa et al., unpublished; 13, Ogawa et al. (2010); 14, Zhuang et al., unpublished. A
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HYPHY. The ratio of non-synonymous to synonymous substitutions within rep over 291 codons was 0.506583 substitutions site 21 (negative selection overall), whereas for cp over 248 codons it was 0.938893 substitutions site 21 , suggesting that cp is under neutral selection. These results can be supported by previous data and our data (Fig. 5) in that the overall variation of rep was less than that of cp, and that rep was found to be under purifying selection (de Kloet & de Kloet, 2004; Heath et al., 2004; Hughes & Piontkivska, 2008; Ritchie et al., 2003) . These observed differences make it necessary to base comparisons on complete genomes and not individual ORFs. Similarly, comparisons cannot be made between phylogenies based on different genes. Heath et al. (2004) have brought into question the reliability of BFDV phylogenies and phylogenetic inferences based on rep, owing to the presence of recombination.
Within the BFDV and BCV rep genes ( Supplementary Fig.  S2 , available in JGV Online) we found evidence of positive selection at six codon sites (four codon sites when BFDV rep genes were analysed on their own), predominantly located in the 59 portion ( Supplementary Fig. S2 ), whereas 121 sites were under negative selection (P,0.1 significance level, binomial probability). The N-terminal tail of Rep forms part of a positively charged surface on the protein and is responsible for dsDNA binding. This surface binds to specific DNA sequences; this positions the catalytic domain with respect to the conserved nonanucleotide (Vega-Rocha et al., 2007) . The N-terminal region does not contain nuclear localization signals as described in PCV, and is dependent on the CP for transport into the nucleus (Heath et al., 2006) . Similarly, we found evidence for positive selection in eight codon sites in the BFDV and BCV cp genes (six codon sites when BFDV cp genes were analysed on their own) ( Supplementary Fig. S2 ) with 105 sites under negative selection (P,0.1 significance level, binomial probability).
Maximum-likelihood phylogenetic analysis of the Rep and CP proteins yielded trees with very poor bootstrap support for the branches ( Supplementary Fig. S3 , available in JGV Online); thus, it is difficult to infer any evolutionary relationship between strains. This difficulty is probably compounded by the high degree of recombination amongst virus strains (see below). Pairwise identity comparisons of the rep and cp genes ( Supplementary Fig. S4 , available in JGV Online) and Rep and CP proteins (Fig. 5) indicate that the cp gene is more divergent and possibly evolving at a faster rate than the rep gene. However, the most striking fact about the pairwise distance between the Rep and CP proteins and the rep and cp genes is that cp shows slightly less diversity than rep. However, more diversity is observed at the amino acid sequence level for CP compared with Rep. Despite the fact that we found cp to be under neutral selection, we note that it is evolving faster that rep.
We analysed the BFDV and BCV sequences for evidence of recombination in all 87 full-length sequences. We found evidence of recombination in most BFDV and BCV strains (Fig. 6) . BFDV-A (New Zealand specific, red-fronted parakeet), -C (predominantly South Africa, various species), -F (Thailand specific, various species), -G (Australia specific, rainbow lorikeet) and -L (South Africa specific, ring necked parakeets) were not detectably recombinant. Twelve of the 14 unique recombination events detected were within rep or in sequences encoding the N-terminal region of rep. A similar distribution of recombination break points has been found within begomoviruses and mastreviruses (Lefeuvre et al., 2007; Varsani et al., 2008 Varsani et al., , 2009 ). Break-point density analysis revealed two globally significant recombination hotspots (local P values ,0.05, binomial probability), the first being along the entire intergenic region between the start of rep and cp, and the second being in the 39 portion of cp adjacent to the intergenic regions (Fig. 6) . Lefeuvre et al. (2009) describe similar hotspots amongst all circoviruses.
The majority of recombination events detected were interstrain recombinants, with a few exceptional intra-strain recombinants (Table 2 ). BFDV-J 1 isolates are recombinants generated from inter-and intra-species recombination. A large number of recombination break points were detected for BCV-A, -B and -C. Furthermore, it is important to note that all recombinant regions (regions/events 1, 2, 4, 11 and 14) in the BCV-A, -B and -C isolates are from BFDVs isolated from budgerigars, which is further evidence for their demarcation as a species as recombination frequency decreases with increasing genetic distance in ssDNA viruses (Lefeuvre et al., 2009) . BFDV-N is a recombinant of BFDV-M 1 (minor parent) and BCV-A (major parent). All the BFDV-M isolates are from South Africa, and, based on the fact that budgerigars are endemic to Australia, recombination event 14 ( Table 2 ) clearly indicates that the psittacines harbouring the BFDV-N strain and BFDV-M 1 strains are either from the same breeding facility or have come into contact at some point in the pet psittacine trade.
CONCLUSION
These data suggest that the distribution of BFDV and BCV isolates is influenced by the trade in psittacines, with natural geographical as well as host specificity of strains becoming blurred following the movement of birds. The trade in psittacines and the close proximity in which the captive birds are housed opens the way for multiple infections with BFDV, and the consequent emergence of recombinant strains. The differing rates of evolution between rep and cp suggest that phylogenetic comparisons should be made using complete genomes. We note that the results herein did not take into account the possibility of strains grouping according to severity of infection/virulence. This would require a much more detailed veterinary study and was beyond the scope of our investigation.
In this study we propose a set of strain demarcations for BFDV, as well as a new nomenclature, and further suggest that certain budgerigar isolates represent a new circovirus A. Varsani and others species. In addition, we address the current discrepancies in the circovirus taxonomic classification and provide important suggestions for the ICTV circovirus committee.
METHODS
Viral sampling, cloning and sequencing of whole genomes.
Blood samples were taken from the 22 BFDV-infected birds [Poicephalus robustus (n510), Poicephalus gulielmi massaicus (n54), P. krameri (n53), Amazona sp. (n52), E. roratus (n51) and P. erithacus (n52)] from various avian breeding facilities in South Africa in 2006. DNA was extracted using a Qiagen QIAamp DNA mini kit according to the manufacturer's protocols. RCA was used as a method to amplify the BFDV genomes in a non-specific manner as outlined by Shepherd et al. (2008) and by using a tenfold dilution of the DNA and a TempliPhi kit (GE Healthcare). The resulting concatamers of BFDV genomes were linearized into monomeric genomes (~2 kb) with BamHI restriction enzyme (Fermentas). The monomeric genomes were cloned into pGEM-3Zf(+) cloning vector (Promega Biotech) and sequenced at Macrogen Inc. (Korea) by primer walking.
Sequence analysis. Genomes of the 22 BFDV isolates were assembled using DNAMAN (version 5.2.9; Lynnon Biosoft). These genomes, together with all of the available full-length genomes of BFDV in GenBank (n587 as of 20 April 2010), were aligned using the CLUSTAL W subalignment tool (Thompson et al., 1994) available in MEGA (gap open penalty510, gap extension penalty55; Tamura et al., 2007) with manual editing. MEGA was also used to calculate pairwise Hamming-or p-distance comparisons to determine the pairwise sequence identities shared by aligned genomes using pairwise deletion of gaps, as opposed to scoring gaps as a fifth nucleotide state.
Maximum-likelihood phylogenies of the BFDV genomes were inferred using PHYML (Guindon & Gascuel, 2003) with 1000 non-parametric bootstrap replicates using model F81+G4 (determined using MODELTEST; Posada, 2006) . Maximum-likelihood phylogenetic trees based upon alignments of the predicted amino acid sequences of Rep and CP were constructed using PHYML (Guindon & Gascuel, 2003) with best fit model5JTT+G as determined by PROTEST (Abascal et al., 2005) .
Synonymous and non-synonymous substitutions and selection in the replication and coat protein genes were analysed using FEL methods (Kosakovsky Pond & Frost, 2005) implemented in HYPHY .
Recombination analysis. Recombination amongst all genomes from this study, and those publicly available in GenBank, was analysed using the RDP (Martin & Rybicki, 2000) , GENECONV (Padidam et al., 1999) , BOOTSCAN (Martin et al., 2005a) , MAXCHI (Smith, 1992) , CHIMAERA (Posada & Crandall, 2002) , SISCAN (Gibbs et al., 2000) , and 3SEQ (Boni Table 2 . Details of recombinant events detected in BFDV and BCV genomes Breakpoint coordinates are the nucleotide positions of detected recombination breakpoints in the multiple sequence alignment used to detect recombination. Wherever possible, parental sequences are identified. For each identified event the minor parent is the contributor of the sequence within the indicated region, the major parent being the apparent contributor of the rest of the sequence. However, it should be noted that the identified parental sequences are not the actual parents but are simply those sequences most similar to the actual parents in the dataset analysed. Recombinant regions and parental viruses were identified using the RDP (R), GENECONV (G), BOOTSCAN (B) , MAXIMUM CHI SQUARE (M), CHIMAERA (C) and SISTER SCAN (S) methods. The reported P value is for the method in bold type and is the most-significant P value calculated for the region in question. (Martin et al., 2005b) . We used default settings throughout the analysis and only potential recombination events detected by two or more of the above methods in combination with phylogenetic evidence of recombination were considered significant. The approximate breakpoint positions and recombinant sequence(s) inferred for every potential recombination event were manually checked and adjusted where necessary by using the extensive phylogenetic and recombination signal analysis features available in RDP3.
Event
